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Abstract
The usage of dosimetry of small fields in radiotherapy to measure radiation dose is difficult because of high-dose gradients, 
lateral electronic disequilibrium, and detector volume effects. In this study, three dosimeters namely, Markus, Semiflex 3D, 
and Diode E were tested using the Elekta-accelerator electron beams. The electron beam parameters, penumbra, and output 
factor were determined using these dosimeters for each field size and energy. According to the results, Diode E and Advanced 
Markus exhibited the greatest difference in Rq among the electron beam parameters. Furthermore, the greatest difference in 
penumbra was observed between Diode E and Advanced Markus for the field size of 3 cm2 at 10 MeV. In terms of output 
factor, three dosimeters exhibited the greatest difference between Diode E and Advanced Markus for the field size of 3 cm2 
at 10 MeV. The findings indicate that the Semiflex 3D can be regarded as an appropriate dosimeter for electron small-field 
dosimetry.
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1 Introduction
Electron beam therapy is a modality for delivering pre-
cise radiation doses to superficial tumors. This therapeutic 
method is also important for the treatment of superficial 
lesions in various organs, as well as the eyes and lips. Elec-
tron beam parameters, including R100, R50, EP0, E0, and Rq, 
as well as the penumbra, are important for electron therapy 
and can be obtained via relative dosimetry measurements. 
The accuracy of the measurement of these parameters is 
dependent on the physical characteristics of the dosimetry 
chamber [1–3].
Perturbations in the environment can be caused by differ-
ences in atomic number, sensitive volume dimensions, den-
sity, and other physical properties of the dosimetry cham-
ber. Such perturbations lead to uncertainties in small-field 
dosimetry results [4, 5]. These properties, as well as elec-
tron disequilibrium and high-gradient dosing, can modify 
the central-axis dose, thereby altering the electron beam 
parameters [6–8].
Based on experimental and Monte Carlo methods, pre-
vious studies have investigated various parameters such as 
detector type and volume that affect the dosimetry of photon 
beams in small fields [9–12]. However, little attention has 
been given to electron beams. Additionally, various types 
of specialized dosimetry equipment may not be available in 
some clinics. Therefore, it is essential to evaluate the abili-
ties of different dosimeters under various conditions, such 
as small fields and various energy ranges for electron beams.
In this study, electron beam parameters were evaluated at 
three energy levels of 10, 15, and 18 MeV in small (i.e., 3 × 3 
to 5 × 5 cm2 with an applicator size of 6 × 6 cm2) and large 
(i.e., 6 × 6, 10 × 10, 14 × 14 and 20 × 20 cm2) fields using 
three dosimeters: Semiflex 3D, Diode E, and the plane-par-
allel ionization chamber of Advanced Markus (as a reference 
dosimeter).
Semiflex 3D was released in 2015 and has recently 
entered the dosimetry field. However, its responses in small 
electron fields have not been thoroughly studied and com-
pared to the responses of other dosimeters. In this study, we 
examined the Semiflex 3D chamfer response by comparing it 
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to the responses of two other detectors to assess the accuracy 
of its response in small electron fields.
2  Materials and methods
2.1  Dosimeters
In this study, three dosimeters, namely Advanced Markus 
(model: 34045), Semiflex 3D (model: 31021), and Diode E 
(model: 60017), manufactured by the German PTW com-
pany were used for dosimetry testing. The characteristics of 
these dosimeters are listed in Table 1.
A voltage of + 400 V was applied to the Semiflex 3D 
chamber, which was positioned axially in a dosimetry phan-
tom. Additionally, a voltage of + 300 V was applied to the 
plane-parallel ionization chamber of Advanced Markus.
2.2  Linear accelerator and phantom
In this study, we utilized the Elekta Precise linear accel-
erator with operating energy levels of 10, 15, and 18 MeV. 
Measurements were performed in an MP3-M tank (water 
phantom) with a size of 50 × 50 × 40.8 cm3 that was manu-
factured by PTW.
2.3  Measurements
In the large fields, measurements were performed using 
applicator sizes of 20 × 20, 14 × 14, 10 × 10, and 6 × 6 cm2. 
Small fields with sizes of 3 × 3, 3.5 × 3.5, 4 × 4, 4.5 × 4.5, 
and 5 × 5 cm2 were produced using square Cerrobend cutouts 
inserted into the end of a 6 × 6  cm2 applicator. The source 
surface distance was set to 100 cm. Data obtained through a 
PTW TBA control unit and PTW Unidose electrometer were 
transferred to the MEPHYSTO mc2 software for analysis. 
Subsequently, percentage depth dose (PDD) curves were 
drawn according to the TRS 398 protocol and electron beam 
parameters, such as R100, R50, Rq, E0, and EP0, were extracted 
for all investigated field sizes and energy levels.
Transverse dose profiles were obtained by determining 
the maximum depth of dose (dmax) for each energy level 
and field size, then placing the dosimeters in the phantom 
at a depth equal to dmax. Penumbras were then extracted 
from these profiles. Widths in the range of 20–80% were 
considered for the penumbras. Output factors were deter-
mined by the Advanced Markus, Diode E, and Semiflex 3D 
dosimeters. The output factors for all field sizes at energy 
levels of 10, 15, and 18 MeV were obtained by the follow-
ing equation:
where Dfield is the dose at dmax in the desired field and Dref is 
the dose at dmax in the reference field (10 × 10 cm2).
Plane-parallel ionization chambers are recommended for 
the calibration and dosimetry of electron beams in clinics 
[13–15]. Accordingly, in this study, for all measurements, 
the plane-parallel ionization chamber of Advanced Markus 
was selected as the reference dosimeter. The results obtained 
from this dosimeter were compared with those obtained 
from Semiflex 3D and Diode E. It is noteworthy that this is 






Table 1  Characteristics of Advanced Markus, Semiflex 3D, and Diode E PTW dosimeters
Detectors/specifications Advanced Markus Semiflex 3D Diode E
Type of product Vented plane-parallel ionization cham-
ber
Vented cylindrical ionization chamber p-type silicon diode













Wall of sensitive volume






Direction of incidence Perpendicular to chamber plan axial, radial axial
Radiation quality 2–45 MeV electrons 9–45 MeV electrons 6–45 MeV electrons
Field size 3 × 3  cm2 to 40 × 40  cm2 2.5 × 2.5  cm2 to 40 × 40  cm2 1 × 1  cm2 to 40 × 40  cm2
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3  Results
3.1  Electron PDD parameters
Electron beam parameters, namely R100 (the depth at 
which the dose is 100% of the maximum dose), R50 (the 
depth at which the dose is 50% of the maximum dose),  Rq 
(the depth at which the tangent through the dose inflec-
tion point intersects the maximum dose level),  E0 (the 
mean energy at the phantom surface), and  EP0 (the most 
probable energy level at the phantom surface), are listed 
in Tables 2, 3 and 4 for all field sizes and energies for 
Advanced Markus (AM), Semiflex 3D (SF3D), and Diode 
E (Si-D).
One can see that the electron beam parameters decrease 
with decreasing field dimensions. Additionally, R100, R50, 
and Rq are shifted toward the phantom surface. Further-
more, these parameters increase with increasing energy 
and penetrate deeper into the phantom.
A comparison of the electron beam results obtained 
from Advanced Markus to those obtained from Semi-
flex 3D and Diode E revealed that the greatest difference 
was in the parameter Rq (2 mm) between Diode E and 
Advanced Markus with a field size of 3 × 3  cm2 at an 
energy level of 18 MeV.
3.2  Penumbra
The penumbras obtained from the three dosimeters for all 
fields at beam energies of 10, 15, and 18 MeV are listed in 
Table 5.
According to Table 5, penumbra increases with increas-
ing energy and field size. However, these changes are more 
significant for increases in energy. Regarding Advanced 
Markus, penumbra increased from 11.5 mm to 13.8 mm, 
11.8 mm to 15.1 mm, and 12.0 mm to 16.6 mm for field sizes 
ranging from 3 × 3 to 20 × 20  cm2 at the three beam energies 
of 10, 15, and 18 MeV, respectively. However, these changes 
were more apparent with increases in energy.
A comparison of Advanced Markus to Semiflex 3D and 
Diode E in terms of penumbra values revealed that the 
greatest difference (1.1 mm) occurred between Diode E and 
Advanced Markus with a field size of 3 × 3  cm2 at an energy 
level of 10 MeV (Fig. 1).
3.3  Output factor
The output factors obtained for Advanced Markus, Semiflex 
3D, and Diode E are listed in Fig. 2.
As shown in Fig. 2, the output factors increase with 
increasing energy and field size.
A comparison of the output factors (Fig. 3) between the 
three dosimeters in the evaluated fields and beam energy 
levels revealed that the greatest difference (2.1%) occurred 
between Advanced Markus and Diode E with a field size of 
3 × 3  cm2 at an energy level of 10 MeV.
Table 2  Results for R100, R50, 
Rq, E0, and EP0 obtained from 
SF3D, AM and Si-D dosimeters 
in the evaluated fields at 
10 MeV
a Open field, with the cutout
b Open field, with the applicator
Energy 10 MeV 3 × 3a 3.5 × 3.5a 4 × 4a 4.5 × 4.5a 5 × 5a 6 × 6b 10 × 10b 14 × 14b 20 × 20b
AM
 R100 (mm) 15.5 17 18.1 19 20 20.99 21.5 23 23.9
 R50 (mm) 37.52 38.6 38.65 39 39.23 39.23 41 41.6 41.77
 Rq (mm) 25.28 27.21 27.95 28.41 28.54 28.81 30.4 30.44 30.44
 E0 (MeV) 8.74 9 9.01 9.09 9.14 9.15 9.53 9.7 9.73
 Ep0 (MeV) 9.8 9.83 9.83 9.85 9.9 9.91 10.14 10.42 10.42
SF3D
 R100 (mm) 15.7 18 18 19.1 20.8 21 21 21.8 23
 R50 (mm) 38 38.2 38.24 39.3 39.4 39.53 41 41.1 41.12
 Rq (mm) 27.1 28.3 28.32 28.99 29.19 29.69 29.7 29.71 29.72
 E0 (MeV) 8.86 9.14 9.14 9.16 9.19 9.21 9.5 9.56 9.58
 Ep0 (MeV) 9.87 9.9 9.92 10.04 10.06 10.07 10.68 10.7 10.7
Si-D
 R100 (mm) 16.2 18.23 18.4 20 21 21.11 22 23.01 23.5
 R50 (mm) 38.61 38.7 38.72 39.5 39.8 39 40.94 41.2 41.5
 Rq (mm) 26.2 27.4 28.59 28.64 28.71 28.83 30.45 30.5 30.51
 E0 (MeV) 9 9.11 9.13 9.2 9.3 9.32 9.54 9.54 9.59
 Ep0 (MeV) 9.94 9.87 9.94 9.97 9.98 9.98 10.4 10.42 10.42
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Table 3  Results for R100, R50, 
Rq, E0, and EP0 obtained from 
SF3D, AM and Si-D dosimeters 
in the evaluated fields at 
15 MeV
a Open field, with the cutout
b Open field, with the applicator
Energy 15 MeV 3 × 3a 3.5 × 3.5a 4 × 4a 4.5 × 4.5a 5 × 5a 6 × 6b 10 × 10b 14 × 14b 20 × 20b
AM
 R100 (mm) 16 17.2 20 21 22 23 24.1 24.2 24.3
 R50 (mm) 52.2 55.2 56.65 57.85 58.8 59.6 61.1 61.2 61.32
 Rq (mm) 30.15 34.02 36.36 38.47 40.34 41.91 43.21 43.52 43.6
 E0 (MeV) 12.2 12.86 13.2 13.48 13.69 13.88 14.24 14.29 14.29
 Ep0 (MeV) 14.5 14.79 14.89 14.97 14.99 15 15.13 15.17 15.17
SF3D
 R100 (mm) 16.1 18.4 19.5 21.2 22.2 23.5 24.2 24.3 24.37
 R50 (mm) 52.71 54.8 55.4 57.41 57.78 58.67 60.4 60.64 60.8
 Rq (mm) 30.75 34.63 36.07 38.83 40.96 41.24 41.68 41.72 41.75
 E0 (MeV) 12.28 12.77 12.91 13.38 13.46 13.67 14.08 14.13 14.16
Ep0 (MeV) 14.87 14.88 14.89 14.9 15 15.4 15.75 15.79 15.79
Si-D
 R100 (mm) 16.3 18.5 20.5 21.4 22 23 25.1 25.2 26
 R50 (mm) 52.81 55.17 55.95 57.5 58.04 58.12 60.85 61.02 61.14
 Rq (mm) 32.13 34.57 36.48 39.96 40.10 43.32 41.52 41.61 41.64
 E0 (MeV) 12.3 12.85 13.04 13.38 13.52 13.54 14.18 14.22 14.25
 Ep0 (MeV) 14.54 14.96 14.99 15 15.11 15.2 15.87 15.91 15.91
Table 4  Results for R100, R50, 
Rq, E0, and EP0 obtained from 
SF3D, AM and Si-D dosimeters 
in the evaluated fields at 
18 MeV
a Open field, with the cutout
b Open field, with the applicator
Energy 18 MeV 3 × 3a 3.5 × 3.5a 4 × 4a 4.5 × 4.5a 5 × 5a 6 × 6b 10 × 10b 14 × 14b 20 × 20b
AM
 R100 (mm) 19 21 21.3 21.5 22.8 25.1 26.2 26.3 27
 R50 (mm) 57.45 60 62.6 63.8 64.6 68 69.3 69.6 70
 Rq (mm) 31.55 36.3 38.41 39.82 41.7 46.83 49.3 49.49 49.49
 E0 (MeV) 13.38 14 14.59 14.88 15.04 15.86 15.9 15.99 16.01
 Ep0 (MeV) 16.22 16.38 16.68 16.93 16.96 17.27 17.39 17.46 17.46
SF3D
 R100 (mm) 19 21.3 21.5 22 23 25.3 26 26.1 27
 R50 (mm) 58 60.24 63.4 65 66.3 67.5 68.8 69.1 69.3
 Rq (mm) 31.9 36.6 39.44 39.67 43.5 47.3 50.9 50.97 50.69
 E0 (MeV) 13.51 14.43 14.77 15.15 15.44 15.75 16 16.1 16.12
 Ep0 (MeV) 16.36 16.42 16.77 17.31 17.32 17.33 17.36 17.37 17.38
Si-D
 R100 (mm) 19.1 21.23 21.7 21.8 23.01 25.8 27.2 27.3 28.87
 R50 (mm) 59.2 60.1 63.2 64.4 65.2 67.4 68.9 69 69.2
 Rq (mm) 33.55 37.37 39.61 39.83 42.6 47.42 51 51.21 51.22
 E0 (MeV) 13.8 14.6 14.71 14.99 15.18 15.78 16 16.1 16.1
 Ep0 (MeV) 16.68 17 17.08 17.23 17.26 17.3 17.33 17.35 17.35
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Table 5  Penumbras obtained by 
SF3D, AM and Si-D dosimeters 
in all assessed fields at 10, 15, 
and 18 MeV
a Open field, with the cutout
b Open field, with the applicator
Field  (cm2) 80–20% penumbra (mm)
10 MeV 15 MeV 18 MeV
AM SF3D Si-D AM SF3D Si-D AM SF3D Si-D
3 × 3a 11.5 10.6 10.4 11.8 11.1 10.9 12.0 11.1 11.8
3.5 × 3.5a 11.2 11.2 11.0 12.7 12.1 11.8 12.9 12.1 12.9
4 × 4a 11.4 11.8 11.0 12.8 12.8 12.1 13.5 13.8 13.2
4.5 × 4.5a 12.3 11.9 11.9 13.8 13.3 12.8 14.1 13.8 14.1
5 × 5a 12.4 12.6 12.2 14.2 14.1 13.2 14.8 14.5 14.4
6 × 6b 13.1 13.0 12.6 14.5 14.1 13.6 14.9 14.8 14.8
10 × 10b 13.3 13.1 12.9 14.3 14.4 13.6 16.1 15.5 15.3
14 × 14b 13.7 13.1 13.0 14.7 14.7 13.8 16.5 15.9 15.6
20 × 20b 13.8 13.1 13.1 15.1 14.9 14.6 16.6 15.9 16.1
Fig. 1  a Penumbra differences 
between the SF3D and AM 
dosimeters, and b between the 
Si-D and AM dosimeters in all 
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Fig. 2  Output factors obtained 
from SF3D, AM and Si-D in the 
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4  Discussion
4.1  Electron PDD parameters
After comparing the results for the various evaluated fields 
and energy levels, it was determined that electron PDD 
parameters are dependent on field size and energy level 
because they tend to increase with increasing energy and 
penetrate deeper into the phantom. A reduction in field size 
leads to a reduction in the R100, R50, and Rq parameters and 
shifts them toward the surface of the phantom. With a field 
size change from 3 × 3 to 20 × 20  cm2 at an energy level of 
10 MeV, the values of R100, R50, and Rq for the chamber of 
Advanced Markus decreased from 23.9 mm to 15.5 mm, 
41.77  mm to 37.52  mm, and 30.44  mm to 25.28  mm, 
respectively. Furthermore, a decrease in the size of the field 
also led to decreasing values of E0 and EP0.
These changes in small fields may be caused by lat-
eral electronic disequilibrium because the decreased field 
size results in a reduction of lateral scattered electrons. 
Accordingly, the electrons lose their energy at a shallower 
depth in the phantom. Moreover, certain parameters, such 
as R100, R50, and Rq, approach the surface. Amin et al. evalu-
ated the challenges related to the dosimetry of small-field 
electron beams and reported that a reduction in field size 
resulted in a shift of the position of dmax toward the surface 
of the phantom [6].
Furthermore, Xu et al. evaluated the dosimetry of small 
fields and concluded that a reduction in cutout diameter also 
reduces dmax and Rq [16]. Khaledi et al. demonstrated that 
Fig. 3  a Output factor differ-
ences between the SF3D and 
AM dosimeters, and b between 
the Si-D and AM dosimeters in 
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the use of smaller cutouts resulted in reductions in the depths 
of R100, R90, R80, and R50. This reduction was the most sig-
nificant for R100 and R90 [17].
In a study by Arunkumar et al., decreasing field size led 
to shifts of R100 and R50 toward the surface of the phantom, 
which were more significant at higher energy levels [18]. In 
this regard, the results of the studies mentioned above are in 
congruence with our findings.
In previous studies, Advanced Markus chamber responses 
have been compared to the results of Monte Carlo simula-
tion and film dosimetry in electron fields. It was found that 
Advanced Markus provides results comparable to these other 
methods [7, 19, 20]. In this study, the Advanced Markus 
chamber was selected as a reference chamber, and the 
responses of two other detectors were compared to those of 
the Advanced Markus chamber.
As shown in the results above, the greatest difference 
was observed in terms of Rq (2 mm) between Diode E and 
Advanced Markus. Discrepancies in the responses of the 
three dosimeters may be caused by differences in the sensi-
tive volume, material, and type of the dosimeters (Table 1). 
In general, there were few differences between the dosim-
eters at various field sizes, which is indicative of similar 
performance between the three dosimeters.
4.2  Penumbra
The results of this study are in agreement with those 
obtained by Sampaio et al. and Polston et al., who reported 
that penumbra increases with an increasing field size [21, 
22]. According to Fig. 1, for the majority of field sizes, the 
differences between the responses of Diode E and Advanced 
Markus were greater than those between Semiflex 3D and 
Advanced Markus, but the responses of the chambers were 
very similar overall.
The differences may be caused by the different structures 
of Diode E and Advanced Markus. The former is a semicon-
ductor detector, whereas the latter is a plane-parallel ioni-
zation chamber. Given that the greatest difference between 
the responses of the dosimeters was related to the smallest 
evaluated field, this difference can be attributed to variation 
in the sensitive volumes of the dosimeters.
The sensitive volume radii of Advanced Markus and 
Semiflex 3D are 2.5 mm and 2.4 mm, respectively. Diode 
E has a much smaller sensitive volume radius of 0.56 mm, 
leading to the indication of less penumbra.
4.3  Output factor
The evaluation of output factors revealed that the output 
factors increased with increasing field size as well as with 
increasing energy levels. These changes can be explained 
by the scattering of electrons in water and collimators. In 
general, electrons have lower scattering in water and col-
limators with small fields and low energy levels. Our find-
ings are in congruence with the results obtained by Sam-
paio et al., who concluded that output factors decrease with 
decreasing field size and energy levels [21]. However, Di 
Venanzio et al. reported that output factors largely depend on 
the size of the field because they decrease with decreasing 
field size at a constant energy level [23].
Furthermore, the density of Advanced Markus is greater 
than that of Semiflex 3D. It is believed that the enhancement 
of density leads to an increase in dose readings for a given 
sensitive volume. However, as shown in Table 1, the output 
factor of Semiflex 3D was greater in small fields compared 
to that of Advanced Markus. This distinction may be caused 
by differences in the sensitive volumes of the chambers.
The sensitive volumes of the Advanced Markus and 
Semiflex 3D chambers are 0.02  cm3 and 0.07  cm3, respec-
tively. Therefore, when measuring the output of the ioniza-
tion chamber, lateral scatter disequilibrium leads to a greater 
output with a larger sensitive volume. However, there was 
a small difference between the responses of the two dosim-
eters, which may be a result of the small difference between 
the sensitive volumes of the two chambers. Based on these 
findings, we wish to measure the output factors of electron 
beams using two chambers with a greater difference in sensi-
tive volume and evaluate the resulting variations.
For nearly all fields and energy levels, the output factor 
of Diode E was greater than that of the other two chambers. 
This may be a result of the over-response effect of the diode. 
As mentioned previously, Diode E is a semiconductor detec-
tor, whereas Advanced Markus and Semiflex 3D are ioniza-
tion chambers with a different structure.
It should be noted that in electron fields, various fac-
tors, such as sensitive volume and high-density materials, 
have no considerable effects on the responses of dosimeters 
because these factors largely compensate for the impacts of 
each other.
Based on our comparisons of the three dosimeters in 
terms of output factor, the greatest difference (2.1%) was 
observed between Advanced Markus and Diode E for a field 
size of 3 × 3  cm2 at an energy level of 10 MeV. This small 
difference can be attributed to lateral scatter disequilibrium 
and the difference in the sensitive volumes of the dosimeters. 
Overall, the differences were greater in the small fields com-
pared to those in large fields.
Small differences in the range of 2% can be neglected in 
clinical practice [24]. Overall, the differences observed in 
our experiments were very small, and it can be concluded 
that the responses of the three dosimeters are very similar.
The Semiflex 3D dosimeter manufactured by PTW has 
recently been adopted for practical applications. However, 
it is necessary to evaluate the accuracy of its responses 
in small electron fields. In this study, the Semiflex 3D 
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dosimeter was examined with two other dosimeters, and 
its responses were compared to those of the Advanced 
Markus reference chamber, which was validated in previ-
ous studies by the Monte Carlo method and film dosim-
etry. The results of our comparisons demonstrated that the 
responses of Semiflex 3D are in agreement with those of 
the reference chamber. Therefore, Semiflex 3D can be used 
as a suitable dosimeter for the dosimetry of small electron 
fields (3 × 3 to 6 × 6  cm2) at various energy levels (10, 
15, and 18 MeV) in clinical practice. It should be noted 
that fields smaller than 3 × 3  cm2 and energy levels higher 
than 18 MeV require further investigation. Additionally, 
individuals should always evaluate their equipment prior 
to clinical use to observe any significant differences and 
evaluate the clinical importance of results for their field 
based on specific techniques.
5  Conclusions
The selection of a suitable dosimeter for the measurement 
of electron parameters in small fields with lateral scatter 
disequilibrium is a critical issue. According to the cavity 
theory, the most prevalent cause of disruption in the dosim-
etry of small electron beams and photonic fields is elec-
tron disequilibrium. This problem is intensified by various 
parameters, such as sensitive volume radius, high-density 
material perturbation, and volume averaging effects.
These factors can increase or decrease dosimeter 
responses depending on the type of dosimeter. The results 
of this study indicate that these factors may compensate for 
the effects of one another. Therefore, they should not lead 
to any considerable differences in the responses of dosim-
eters in small electron fields. It was also determined that the 
response of 0.07  cm3 of Semiflex 3D, which was released 
in 2015, shows no significant differences compared to the 
responses of other dosimeters in small fields. Therefore, this 
dosimeter should be suitable for small electron fields.
The Semiflex 3D dosimeter manufactured by PTW has 
recently been adopted for practical applications. In this 
study, the Semiflex 3D 0.07  cm3 dosimeter was investigated 
in small electron fields (3 × 3 to 6 × 6  cm2) at energy levels 
of 10, 15, and 18 MeV. It was found that its responses are 
in agreement with those of the Advanced Markus reference 
dosimeter. Therefore, the Semiflex 3D 0.07  cm3 dosimeter 
is appropriate for the tested fields and energies.
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